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An operon involved in fructooligosaccharide breakdown was identified in the genome of Bifidobacterium breve
UCC2003. This 2.6-kb transcriptional unit was comprised of three genes that encoded a putative permease, a
conserved hypothetical protein, and a �-fructofuranosidase. Active transcription of the operon was observed
when B. breve UCC2003 was grown on sucrose or Actilight, while transcription appeared to be repressed when
the organism was grown on glucose, fructose, a combination of glucose and sucrose, or a combination of
fructose and sucrose. The �-fructofuranosidase encoded by this operon was purified and biochemically
characterized. The optimum pH and temperature for catalytic activity were determined to be pH 6.0 and 37°C,
respectively, and there was a dependence on bivalent cations, particularly manganese. The Km and Vmax values
for sucrose hydrolysis were determined to be 25 � 2 mM and 24 � 3 �mol min�1 mg�1, respectively.
Interestingly, the enzyme was shown to specifically catalyze cleavage of the �(2-1) glycosidic bond between
glucose and its neighboring fructose moiety in sucrose and other fructooligosaccharides with a relatively low
degree of polymerization, and there was no detectable activity towards the �(2-1) glycosidic bond between two
fructose moieties within the same substrate. To our knowledge, such an enzymatic activity has not previously
been described in bifidobacteria or other gram-positive bacteria.

Prebiotics are nondigestible oligosaccharides that are not
metabolized in the human small intestine and are passed to the
colon, where they selectively stimulate growth and/or meta-
bolic activity of beneficial microbial strains residing in the host
intestine. The usual targets for prebiotic action are probiotic
members of the bacterial genera Bifidobacterium and Lactoba-
cillus (16, 39).

Fructooligosaccharides (FOS) are among the sugars that
qualify as prebiotics. The FOS comprise a diverse family of
naturally occurring oligosaccharides used commercially in food
products and nutritional supplements. They represent the non-
digestible oligosaccharides that are most used commercially
and are composed of short to medium-size chains (degree of
polymerization, 4 to 60) of fructose moieties connected by
�(2-1) linkages, which are in turn attached to a terminal glu-
cose unit [also by a �(2-1) bond]. Because of these �(2-1)
linkages FOS are resistant to mammalian enzymes and thus
are able to reach the colon, where they are reported to serve as
a source of highly digestible substrates for bifidobacteria (11,
17, 29, 31). FOS and other oligosaccharides have been shown
in vivo to beneficially modulate the composition of the intes-
tinal microbiota by preferentially increasing the numbers of
bifidobacteria and lactobacilli at the cost of potentially patho-
genic or harmless bacteria (15, 16, 24). Despite the recent
interest in FOS utilization, little information is available about
the regulation of the metabolic pathways and enzymes respon-

sible for transport and catabolism of such oligosaccharides in
bifidobacteria.

Invertase (EC 3.2.1.26, �-fructofuranosidase) was one of the
first described biocatalysts and has served as a paradigm for
establishing many principles of enzymatic kinetics (30). Inver-
tase catalyzes the hydrolysis of the �(2-1) glycosidic linkage of
sucrose, releasing invert sugar, an equimolar mixture of glu-
cose and fructose. Recent research on �-fructofuranosidase
activities found in bifidobacteria has demonstrated that it
breaks down not only sucrose but also FOS (14, 21, 22, 29, 32,
43). Characterized bifidobacterial �-fructofuranosidases have
been shown to display different substrate kinetics and bio-
chemical properties (14, 21, 22, 32). An exoinulinase which
exhibited �-fructofuranosidase activity was purified from Bi-
fidobacterium infantis ATCC 15697 (43). This enzyme was
shown to represent a monomeric protein (Mr, 70,000) that
catalyzes the degradation of both sucrose and inulin. A
�-fructofuranosidase was identified from B. infantis and was
shown to be composed of three identical subunits (Mr, 75,000)
and to be capable of catalyzing the hydrolysis of sucrose, 1-kes-
tose, nystose, inulin, and raffinose (21). The gene structure and
enzymatic properties of a �-fructofuranosidase from Bifidobac-
terium lactis DSM10140T have been described by two groups,
which obtained somewhat conflicting outcomes (14, 22). Ehr-
mann et al. (14) reported that the enzyme had the highest
activity with sucrose, whereas Janer et al. (22) reported that
the same enzyme cleaved terminal �(2-1) glycosyl linkages
between fructose moieties, with the highest level of activity for
Raftilose and the lowest level of activity for sucrose.

In this paper, we describe the genetic structure of an operon
harboring a gene encoding a novel FOS-degrading enzyme
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with an affinity for only the �(2-1) glycosyl bonds between
glucose and fructose moieties. A transcriptional analysis of this
operon and flanking regions is described, as is the biochemical
analysis of the FOS-degrading enzyme.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and culture conditions. Bifidobacterium
breve UCC2003 (previously designated NCIMB8807), originally isolated from an
infant nursling stool (37), was used in this study. Cells were cultured in modified
de Man-Rogosa-Sharpe medium (12) made from its individual components and
omitting any carbon source, which was supplemented with 1% sucrose as the sole
carbon source unless indicated otherwise. de Man-Rogosa-Sharpe medium was
supplemented with 0.05% (wt/vol) L-cysteine-HCl, and strains were grown at
37°C under anaerobic conditions that were maintained using an Anaerocult
oxygen-depleting system (Merck, Darmstadt, Germany) in an anaerobic cham-
ber. Escherichia coli strains Pet101/DTOPO and BL21 Star (Invitrogen, Carls-
bad, Calif.) were used as cloning and expression hosts, respectively, and were
routinely cultured aerobically at 37°C in Luria-Bertani medium. When appro-
priate, this medium was supplemented with 100 �g ml�1 ampicillin for plasmid
maintenance and 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) for induc-
tion of target gene expression.

Carbohydrate sources. Neosugar (Actilight), manufactured from sucrose, was
supplied by Beghin-Meiji Industries (Neuilly/Seine, France) and had the follow-
ing composition: oligofructose (GF2 [1-kestose], GF3 [nystose], and GF4 [1F-
fructofuranosylnystose]) in prevailing quantities (�96%, wt/wt), and glucose (G),
fructose (F), and sucrose (GF) (�4%, wt/wt). The fructooligosaccharide stan-
dard set comprised 1-kestose, nystose, and 1F-fructofuranosylnystose (Wako
Chemicals, Germany). Other carbohydrates used were sucrose (Merck); raffin-
ose, Raftilose, and Raftiline (Orafti, Tienen, Belgium); and inulin, stachyose,
palatinose, melibiose, melezitose, trehalose, lactose, maltose, and cellobiose
(Sigma). A final concentration of 1% (wt/vol) of each of the above carbon
sources was used for the experiments described in this paper.

Bioinformatics. Database searches were performed using nonredundant se-
quences accessible at the National Center for Biotechnology Information inter-
net site (http://www.ncbi.nlm.nih.gov) using the tBlastN, tBlastX, and BlastP
programs (1, 2). Multiple-sequence alignment was performed using the Clustal
method of the MEGALIGN program of the DNASTAR software package
(DNASTAR, Madison, WI). The biological software programs SignalP (http:
//www.cbs.dtu.dk/services/SignalP), iPSORT (http://www.hypothesiscreator.net
/iPSORT), TMPRED (http://www.ch.embnet.org/software/TMPRED_form.html),
and DAS (http://www.sbc.su.se/�miklos/das/maindas.html) were used to predict
the location of proteins.

DNA manipulations. Primers FruA (5�-CACCATGACTGACTTCACTCCC)
and FruB (5�-CTCCAGTCCGATGGACTTCATGTG) were used to amplify the
fosC gene from B. breve UCC2003. PCRs were performed using the Tgo I DNA
polymerase template PCR system (Roche Diagnostics GmbH, Mannheim, Ger-
many) in accordance with the manufacturer’s instructions. PCRs were carried
out using a Primus thermal cycler (MWG-BIOTECH AG, Ebersberg, Germany).
Plasmid DNA was obtained from E. coli using a QIAprep Spin Plasmid Miniprep
kit (QIAGEN GmbH, Hilden, Germany). Large-scale preparation of total DNA
from B. breve was performed as described previously (34). Purified DNA was
obtained by cesium chloride ultracentrifugation of the preparation (38). The
amplified fosC gene was cloned into pET101/D-TOPO, which allowed transla-
tional fusion between a C-terminal six-His tag and a target gene (Invitrogen), and
was transformed into E. coli BL21 Star for overexpression. The enzyme was
purified using a nickel-nitrilotriacetic acid column (QIAGEN GmbH, Hilden,
Germany) for purification of six-His-tagged proteins and was dialyzed against 20
mM Tris (pH 7.0) and 1 mM dithiothreitol for 24 h. Samples taken at different
stages of the purification process and the purified protein were analyzed by
sodium dodecyl sulfate–12.5% polyacrylamide gel electrophoresis (SDS-PAGE)
as described by Laemmli et al. (27). Samples were denatured at 100°C for 5 min
with an equal volume of sample buffer (50 mM Tris-HCl, 3% SDS, 1% �-mer-
captoethanol, 20% glycerol, 0.7% bromophenol blue; pH 6.8) and applied to a
12.5% polyacrylamide gel using a mini-Protean II system (Bio-Rad Laboratories,
Richmond, CA). Gels were stained with Coomassie brilliant blue R-250 (Sigma)
to visualize proteins.

Enzyme and protein assays. �-Fructofuranosidase activity was assayed using
an adaptation of the dinitrosalicylic acid (DNS) assay (6), which measures the
reducing sugars released (in this case glucose and fructose). The modifications to
the DNS assay were as follows: a known concentration of enzyme was added to
1.9 ml of 0.3 M sucrose in 0.05 M acetate buffer, pH 6.0. For substrates that

already contained a reducing sugar (Raftilose, maltose, cellobiose, lactose,
melibiose, and palatinose) the glucose oxidase assay was employed (5), which
measured the amount of glucose released. The glucose oxidase assay was also
used for the other substrates (nonreducing sugars) to compare the results to the
results of the DNS assay. The amount of liberated fructose was determined using
a D-fructose determination kit (Sigma). In all assays �-fructofuranosidase activity
was expressed in �mol glucose or fructose produced min�1 mg�1 protein. Pro-
tein concentrations were determined using the Bradford method (7). The DNS
assay was used for measurement of enzymatic activity with sucrose for determi-
nation of enzyme properties.

(i) Effects on enzyme activity. The enzyme activity was measured in two
different types of buffers of various pHs, a 0.05 M sodium acetate buffer with the
pH ranging from 2 to 5.5 and a 0.05 M sodium phosphate buffer with the pH
ranging from 5.5 to 8. Standard enzymatic assays were conducted at tempera-
tures ranging from 4 to 60°C. The enzyme and substrate-buffer solutions were
preincubated separately for 20 min at a particular temperature before the reac-
tion was started by adding the buffer and the enzyme together. The activity of the
treated enzyme was assayed under the standard assay conditions (37°C and pH
6.0). To determine the dependence of enzyme activity on metal ions, a purified
enzyme preparation was dialyzed against 20 mM EDTA (pH 7.0) at 4°C for 12 h,
followed by dialysis against sodium phosphate buffer (pH 6.0) for 12 h at 4°C.
The enzyme was then incubated for 10 min at 37°C with one of the following
compounds present at a concentration of 1 mM in sodium phosphate buffer, pH
6.0: MnCl2, MgCl2, CoCl2, Fe2(SO4)3, KCl, CuSO4, CaCl2, ZnCl2, AgNO3, or
HgCl2. The enzymatic activity recovered was measured following addition of the
substrate sucrose using the standard conditions (37°C and pH 6.0). The metal
content of the purified enzyme was determined by inductively coupled plasma
atomic emission spectrometry at the Department of Chemistry, University of
Sheffield, England.

(ii) Kinetic parameters. Reaction rates were measured separately at pH 6.0
and at 37°C with sucrose at concentrations ranging from 0.02 to 0.4 M. Km and
Vmax values were obtained by fitting the data obtained to the Michaelis-Menten
equation using the nonlinear regression libraries from R (20).

(iii) HPTLC analysis. For qualitative determination of enzyme activity, sugars
incubated with the purified enzyme or crude extract were analyzed by high-
performance thin-layer chromatography (HPTLC). An aliquot (0.5 �l) of the
reaction mixture was spotted onto a Silica Gel 60 plate (10 by 10 cm; Merck) with
a Nanomat 4 (Camag, Switzerland). The chromatogram was developed with a
butanol-acetic acid-water (5:4:1, vol/vol/vol) solvent system in a horizontal de-
veloping chamber. Ascending development was repeated twice at room temper-
ature. The plate was allowed to air dry in a hood and then developed by spraying
it evenly with 20% (vol/vol) sulfuric acid in ethanol. The plate was dried and
heated at 120°C for 10 min to visualize the sugar-containing spots. The plate was
scanned immediately and analyzed using ImageJ NIH (National Institutes of
Health).

RNA isolation and Northern analysis. Aliquots of total RNA were isolated
from B. breve UCC2003 in the early exponential phase using the Macaloid
method (25). RNA samples were treated with a DNase and RNase inhibitor
(Roche Diagnostics), denatured at 70°C for 10 min, and loaded along with a
formamide-containing dye on a 1.2% formaldehyde agarose gel (4). RNA size
standards (Promega) were included to estimate the sizes of the transcripts.
Capillary blotting to Hybond-N� nylon membranes (Amersham, Little Chalfont,
Buckinghamshire, United Kingdom) was performed (38). Internal 500-bp frag-
ments, amplified using PCR for each of the identified open reading frames
(ORFs) of the fos locus, were used as probes. The probes were radiolabeled with
�-32P using a Prime-a-Gene kit (Promega). Overnight hybridization was per-
formed in 0.5 M sodium phosphate (pH 7.0) and 5% SDS buffer at 50°C. Blots
were washed with 2	 SSC–0.1% SDS, followed by 0.2	 SSC–0.1% SDS and
0.1	 SSC–0.1% SDS, at temperatures ranging from 55 to 65°C, depending on the
stringency required (1	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate).

Nucleotide sequence accession numbers. The sequences of the fos loci have
been deposited in the GenBank database under the following accession numbers:
AY692230 (lacIfos), AY692231 (fosA), AY692232 (fosB), AY549965 (fosC), and
AY692233 (glkA).

RESULTS

Identification and analysis of a B. breve UCC2003 �-fructo-
fuanosidase-encoding gene and flanking regions. A gene des-
ignated fosC, predicted to encode �-fructofuranosidase activ-
ity, was identified from the preliminary annotation of the
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genome sequence of B. breve UCC2003 (S. Leahy, J. Moreno
Munoz, M. O’Connell-Motherway, G. F. Fitzgerald, D. Hig-
gins, and D. van Sinderen, unpublished data). At the protein
level, the predicted product of fosC displays significant simi-
larity to predicted �-fructofuranosidases encoded in the ge-
nome sequences of Bifidobacterium longum strains NCC2705
and DJ010A and, although to a lesser degree, a �-fructo-
furanosidase from Bifidobacterium animalis (Fig. 1). However,
when it was compared to the B. lactis �-fructofuranosidase
characterized by Ehrmann et al. (14) and Janer et al. (22), the
degree of identity dropped to 46%. When the sequence was
aligned with the sequences of other characterized �-fructo-
furanosidases, residues that represent highly conserved regions
and the active site were found (14, 18) (results not shown).
Bioinformatic analysis indicated that the B. breve fosC product,
similar to previously characterized bifidobacterial �-fructo-
furanosidases, lacks secretory signals or transmembrane heli-
ces and is therefore predicted to be an intracellular enzyme.
Immediately upstream from fosC, the fosB and fosA genes
were identified (Fig. 1). The predicted product of fosB consists
of 157 amino acids (Mw, 17,000) and exhibits similarity to a
central region of a hypothetical sucrose permease of B. longum
NCC2705, B. animalis, and E. coli 0157:H7 EDL933 (Fig. 1).
Furthermore, significant similarity was observed between fosB
and the central portion of an E. coli anion sucrose symport
system (Fig. 1). The fosB-encoded protein was predicted to
have a hydrophilic N terminus and four potential transmem-
brane helices. This secondary structure is common in proteins
that belong to the sugar transport family (25). The fosA gene is
predicted to encode a cytosolic protein consisting of 173 amino
acids with similarity to members of the COG4283 family, which
is a family of uncharacterized conserved proteins for which no
function has been assigned, although genes encoding
COG4283 members are frequently associated with genes that
are predicted to be involved in transport (results not shown).
Upstream from fosA, an ORF designated lacIfos, encoding a
probable transcriptional regulator, was identified. At the pro-
tein level, the lacIfos gene product displays significant similarity
to members of the GalR-LacI family of bacterial transcrip-

tional regulators, particularly those found in the related strains
B. longum NCC2705 and B. longum DJ010A (Fig. 1). The
lacIfos product also showed identity to proven sucrose regula-
tors, such as the sucrose operon repressor (Csc regulatory
protein) of E. coli (level of identity, 46%; accession no.
P40715) and Shigella flexneri (level of identity, 46%; accession
no. NP_708235). A helix-turn-helix region (pfam00354) was
identified within the N-terminal portion of LacIfos, which is a
region found in the GalR-LacI family implicated in DNA bind-
ing, while the C-terminal end of LacIfos contains an expected
sugar-binding domain (pfam00532). Immediately downstream
of fosC, a putative glucokinase gene (glkA) was identified in an
orientation opposite that of fosC, while a putative rho-inde-
pendent terminator structure with a 
G of �30.2 kcal/M was
identified between fosC and glkA (data not shown). Also, be-
tween lacIfos and fosA two inverted repeats were identified.
The first repeat was a perfect repeat (
G � �16.9 kcal/M) and
was followed by a stretch of consecutive thymines, which may
represent a Rho-independent transcriptional terminator, while
the second repeat was an imperfect repeat (
G � �5.6
kcal/M) and may be involved in transcriptional regulation (Fig.
2A) (see below).

Transcriptional analysis of the fos operon. In order to elu-
cidate the manner in which the assumed �-fructofuranosidase-
encoding fosC gene is transcribed, Northern blot analysis was
performed using PCR-generated probes corresponding to the
central region of each of the five ORFs described above. Blots
representing the total RNA isolated from sucrose-grown cells
of B. breve strain UCC2003 were hybridized with these probes.
The probes corresponding to fosA, fosB, and fosC (Table 1) all
hybridized with a 2.6-kb transcript, indicating that these genes
were transcribed as a tricistronic operon (Fig. 2B). Northern
blot analysis using a probe corresponding to lacIfos revealed a
3.2 kb transcript, which showed that it was not transcribed with
the other genes in this operon, but its proximity to the fos
operon indicated that it might be involved in the regulation of
the operon. The probe corresponding to the predicted glkA
glucokinase-encoding gene was transcribed as a monocistronic
operon with a 1-kb transcript (Fig. 2B). A schematic represen-
tation of the fos locus and its transcriptional patterns are
shown in Fig. 2A.

A 2.6-kb transcript was also observed with RNA isolated
from cells grown in Actilight, but no transcriptional signals
were observed using RNA isolated from cells grown in glucose,
fructose, a combination of sucrose and glucose, or a combina-
tion of sucrose and fructose (Fig. 3). These findings show that
the fos operon is subject to a dual transcriptional control mech-
anism that is dependent on carbohydrate availability.

Cloning, expression, and purification. The PCR product
encompassing fosC was obtained and cloned into an E. coli
His-tagged expression system (see Materials and Methods).
The cloned fosC gene product containing a His tag attached to
its C terminus was purified from the soluble cell extract frac-
tion of E. coli BL21 Star harboring recombinant plasmid
pFruH using metal chelate affinity chromatography. SDS-
PAGE analysis of purified FosC-His revealed a single band at
an apparent molecular mass of approximately 60 kDa (Fig. 4),
which is in agreement with the expected size calculated from
the recombinant gene sequence (58.36 kDa).

FIG. 1. Comparison of various presumed or characterized fos oper-
ons. The putative function of the protein is indicated in the arrows for
B. breve UCC2003. Related proteins were compared to B. breve
UCC2003 proteins and are linked by bars indicating the different levels
of amino acid identity, expressed as percentages.
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FosC represents a bifidobacterial �-fructofuranosidase with
novel glycolytic specificity. Purified B. breve FosC-His was
shown to liberate glucose only from linear �(2-1)-linked car-
bohydrates like sucrose, 1-kestose, nystose, 1F-fructofuranosyl-
nystose, Actilight, Raftilose, Raftiline, and inulin with relative
activities of 100%, 91%, 90%, 85%, 84%, 69%, 28%, and 27%,
respectively (Table 2). HPTLC analysis indicated that FosC
specifically hydrolyzes the �(2-1) bond between glucose and
fructose moieties. However, the Rf values of glucose and fruc-
tose obtained using HPTLC, as well as the Rf values of their
oligomers (e.g., levanbiose and sucrose, levantriose and 1-kes-
tose), were similar and therefore it was not possible to distin-
guish one from another using HPTLC. Therefore, in order to
verify the assumed specificity, liberated D-glucose and D-fruc-

tose were measured in each of the reactions described above.
When incubated with FosC-His, sucrose was hydrolyzed to
glucose and fructose; 1-kestose was hydrolyzed to levanbiose
(two fructose molecules, F2) and glucose; nystose was hydro-

FIG. 2. (A) Sequence of the promoter region between lacIfos and fosA. The start and stop codons and putative ribosome binding site are shaded.
The putative �10 and �35 regions are enclosed in boxes, the putative terminator between lacIfos and fosA is indicated by two dashed arrows, and
the putative regulatory region involving the inverted repeat is indicated by two dotted arrows. The terminator is indicated by hairpin structures.
(B) Northern analysis of RNA isolated from B. breve UCC2003 grown to the mid-logarithmic phase on sucrose and hybridized with 500-bp probes
specific for lacIfos, fosA, fosB, fosC, and glkA.

TABLE 1. Primers used to amplify internal fragments of the genes
described in this paper that were used as probes for

Northern hybridization

Gene Forward primer Reverse primer

lacIfos CCACCGGCGCCGATCAGG AGGTCGGCGGCGACGGCTG
fosA CAGGAGCTCAAAGAGGAG CTGAACGATCCGAACGGG
fosB TGTCCAGTTCGTCTACGC ATGAAGACGATGAGCACC
fosC GTGGCTGTTCTCCTCCAA TCGGTGGCGTGAATCTTC
glkA CCGCTACGACGCCAATGG CCACCTGATCCGCGCCGC
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lyzed to levantriose (F3) and glucose; and 1F-fructofuranosyl-
nystose was hydrolyzed to levantetraose (F4) and glucose (Fig.
5). The HPTLC results combined with measurement of liber-
ated D-glucose and D-fructose confirmed that the enzyme
cleaved only the �(2-1) glycosidic bond between glucose and
fructose moieties, leaving only a chain of fructose molecules.
Substrates containing linkages other than �(2-1) linkages, such
as lactose, cellobiose, stachyose, palatinose, melbiose, melezi-
tose, trehalose, and maltose, were shown not to be degraded by
the enzyme (results not shown). Also, raffinose, which contains
an internal �(2-1) glycosidic bond, was not degraded by the
enzyme.

The end products of native FosC activity derived from crude
cell extracts were also analyzed by HPTLC. When sucrose,
1-kestose, nystose, and 1F-fructofuranosylnystose were incu-
bated with crude extract from B. breve UCC2003, the end
products obtained were identical to those obtained with the
purified recombinant FosC (data not shown).

Biochemical characteristics of FosC-His activity. (i) pH and
temperature. The optimum pH for B. breve UCC2003 �-fructo-
furanosidase activity was determined to be in the slightly acidic
range, pH 6.0, and there was a marked decrease in �-fructo-
furanosidase activity at pH values below 5.5 and above 6.5. The
thermostability of the purified enzyme was determined at tem-
peratures ranging from 4 to 60°C in 0.05 M acetate buffer (pH

6.0) and 0.3 M sucrose. The FosC enzyme exhibited the highest
activity at 37°C, which corresponds to the optimal growth tem-
perature of this bacterium.

(ii) Catalytic properties. Kinetic analysis using Michaelis-
Menten kinetics indicated that the purified enzyme had an
apparent Km for sucrose of 25 � 2 �mol min�1 mg�1 and a
Vmax of 24 � 3 mM.

(iii) Metal cofactors. Following dialysis of the purified en-
zyme against a buffer containing EDTA to remove all traces of
bivalent metal ions, the enzyme was shown to have lost all
activity. Following incubation with different bivalent metal
ions, it was shown that 1 mM Mn2� restored 96% of the total
activity (Table 3). Other metal ions only partially restored the
activity, whereas Hg2�, Ag�, or Na� did not restore enzymatic
activity. The metal content of the purified recombinant
�-fructofuranosidase was also determined using atomic emis-
sion analysis (data not shown), and the results were in agree-
ment with the metal dependency of the enzyme.

DISCUSSION

The ability of bifidobacteria to ferment fructooligosacchar-
ides is well established (23, 28), although our knowledge about
the biochemistry and genetics of the enzymes involved, partic-
ularly the regulation of transcription or expression of the gene,
is still limited. The ability of �-fructofuranosidase to catalyze
the hydrolysis of a variety of sugars (not just sucrose) and
sugars derived from a diet of fruits and vegetables, such as
bananas, leeks, onions, and wheat, is an important finding for
explaining the survival and growth of Bifidobacterium spp. in
the gastrointestinal tract. The �-fructofuranosidase activity
corresponding to the fosC gene of B. breve UCC2003 was
shown to specifically cleave the �(2-1) glycosyl linkages be-
tween glucose and fructose moieties of sucrose and FOS, while
it did not catalyze cleavage of the same linkage between two
fructose molecules in these substrates (Fig. 5). This specific
�-fructofuranosidase activity has not been reported previously
for the other bifidobacterial �-fructofuranosidases that have
been characterized (14, 22, 32, 43) or for other gram-positive
bacteria (10). It has been reported that long-chain FOS, such
as inulin, stimulate growth of Bifidobacterium spp. (29), al-
though the substrate uptake system by which this occurs has
not been elucidated yet. FosC exhibits relatively low enzyme

FIG. 3. Northern analysis of RNA isolated from B. breve UCC2003
grown to the mid-logarithmic phase on either sucrose (lane S), Ac-
tilight (lane A), glucose (lane G), fructose (lane F), sucrose and glu-
cose (lane S�G), or sucrose and fructose (lane S�F). The blot was
hybridized with a 500-bp probe specific for fosC. The estimated size of
the transcripts is indicated.

FIG. 4. SDS-PAGE analysis of purified B. breve UCC2003 �-
fructofuranosidase. Proteins were denatured, separated on a 12.5%
polyacrylamide gel, and stained with Coomassie blue R250. Lane M,
molecular mass marker; lanes L1 to L4, lysate fractions; lanes W1 to
W4, wash fractions; lane E1, purified �-fructofuranosidase.

TABLE 2. Relative activities of �-fructofuranosidase and growth in
each of the substrates relative to growth in sucrose of

B. breve UCC2003a

Substrate Structure Relative activity
(%) Growth

Sucrose Glc�(2-1)Fru 100 �
1-Kestose Glc�(2-1)Frun (n � 2) 91 �
Nystose Glc�(2-1)Frun (n � 3) 90 �
1F-Fructofurano-

sylnystose
Glc�(2-1)Frun (n � 4) 85 �

Actilight Glc�(2-1)Frun (n � 2 to 4) 84 �
Raftilose Glc�(2-1)Frun (n � 1 to


20)
69 �/�

Raftiline Glc�(2-1)Frun�(2-1)Fru
(n � 1 to 
60)

28 �

Inulin Glc�(2-1)Frun�(2-1)Fru
(n � 1 to 
60)

27 �

a �, growth; �/�, poor growth; �, no growth.
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activity towards inulin, which also does not support growth of
B. breve UCC2003. Poor growth on inulin has also been re-
ported for other bifidobacteria (14, 22), suggesting that inulin,
which is sold as an effective prebiotic, is not a suitable growth
substrate for at least a number of bifidobacterial strains.

A gene encoding a putative repressor protein displaying
significant similarity to the GalR-LacI family of bacterial tran-
scriptional regulators was identified upstream of the gene en-
coding the conserved hypothetical protein. Analogous to other
GalR-LacI-like regulatory proteins, B. breve UCC2003 LacIfos

may in the absence of its substrate(s) (i.e., sucrose or other
FOS) repress transcription by binding to an operator site
within the promoter region of the fos operon. An analysis of
the sequence between the lacIfos and fosA genes resulted in
identification of an imperfect inverted repeat overlapping the
putative �35 region of the predicted promoter of the fos
operon which could act as a recognition site (Fig. 2A).

The genetic organization of the fos operon in B. breve
UCC2003 was highly homologous to a region in B. longum
NCC2705 predicted to be involved in FOS metabolism, al-
though the latter organism lacks a fosA homologue (Fig. 1).
The deduced fosA product of B. breve UCC2003 resembles a
conserved hypothetical protein (Chp) which may have an ac-
cessory transport function, a notion that was deduced from the
observation that genes surrounding other Chp-encoding genes
are also associated with transporters.

Transcriptional analysis of the B. breve UCC2003 fos operon
showed that induction of the operon occurs in the presence of
sucrose and Actilight, which is a source of short-chain FOS;
however, when B. breve UCC2003 was grown on a mixture of
sucrose and glucose or a mixture of sucrose and fructose,
transcription of the fos operon appeared to be repressed, in-
dicating that there was a form of glucose- or fructose-depen-
dent transcriptional control (Fig. 3). Therefore, induction oc-
curred when the substrates sucrose and Actilight were present,
but only in the absence of glucose or fructose. This suggests
that there is a regulated mechanism for preferred carbohydrate
utilization that depends on substrate availability (40). Such
hierarchical control of carbohydrate metabolic pathways can
be achieved through inhibition of expression of genes encoding
enzymes that are involved in transport and metabolism of less
preferred carbohydrates (9), inhibition of the activity of en-
zymes that effect the uptake or production of the transcrip-
tional inducer (inducer exclusion) (13), and stimulation of the

FIG. 5. (A) HPTLC analysis of the reaction products produced by
FosC. Lane 1, standard sugars; lane 2, sucrose; lane 3, sucrose plus
FosC; lane 4, kestose; lane 5, kestose plus FosC; lane 6, nystose; lane
7, nystose plus FosC; lane 8, 1F-fructofuranosylnystose; lane 9, 1F-
fructofuranosylnystose plus FosC. (B) Chromatograms of the reaction
products produced by FosC.

TABLE 3. Effects of metal cofactors on the relative activity of
�-fructofuranosidase from B. breve UCC2003

Metala Relative
activity (%)

Mn2�.............................................................................................. 96 � 1
Co2�............................................................................................... 40 � 3
K� .................................................................................................. 24 � 1
Fe2� ............................................................................................... 23 � 2
Ca2� ............................................................................................... 21 � 2
Cu2�............................................................................................... 18 � 3
Mg2� .............................................................................................. 11 � 1
Zn2�............................................................................................... 10 � 2

a The enzyme was dialyzed against EDTA and placed in a solution containing
a metal at a concentration of 1 mM. No activity was found with Ag�, Hg2�, and
Na�.
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efflux of an intracellular inducer (i.e., the carbohydrate or the
phosphorylated derivative) (inducer expulsion) (36). The in-
ducer exclusion and expulsion mechanisms result in lowering
of the intracellular inducer concentration and thereby indi-
rectly affect gene expression (35).

Catabolism of sucrose makes fructose and glucose readily
available in the glucose fermentation pathway, where glucose
and fructose are converted to fructose 6-phosphate for utiliza-
tion in the fructose 6-phosphate shunt that is typical of bi-
fidobacteria (39). Catabolic repression of genes involved in
carbohydrate metabolism has been reported in Bifidobacterium
spp. (41). Nevertheless, the mechanism by which this catabolic
repression occurs remains to be determined. Recent work con-
ducted with high-G�C-content bacteria (e.g., Streptomyces
coelicolor) has shown that the presence of HPr (phosphocarrier
protein) is not necessary for general carbon regulation (33).
Moreover, catabolic repression acting independently of a phos-
phoenolpyruvate phosphotransferase system (PTS) system was
demonstrated in both high-G�C-content (S. coelicolor) and
low-G�C-content (Staphylococcus xylosus and Bacillus mega-
terium) gram-positive bacteria (8, 19, 42). In each case, a cen-
tral function in catabolic repression was attributed to an ROK
(repressor, ORF, kinase) family glucose kinase, namely, the
glkA product (3, 26, 42). For example, in S. xylosus, the cloned
glkA gene was shown to fully restore catabolite repression in
the mutant strains in trans (42). Therefore, glucose may also
enter the cell by a non-PTS transport system or systems. The
efficiency with which PTS transport and non-PTS transport
take up glucose may strongly depend on the growth conditions
and the sugar concentrations. Interestingly, located down-
stream of B. breve UCC2003 fosC is a gene which is predicted
to encode a glucokinase (Fig. 2A) exhibiting 44% identity to
the GlkA protein belonging to the ROK family of S. coelicolor.

Although carbohydrate metabolism and its control in Bi-
fidobacterium spp. are far from being understood, character-
ization of the fos operon is a significant step forward which
should contribute to future research in this area.
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